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• Sibling-average positive affect is negatively associated with local network efficiency  
• Sibling-average negative affect is positively associated with global and local network 
efficiency  
• Network efficiency negatively mediates the association between sibling-average negative 
affect and loneliness 
 
Abstract 
Loneliness has a strong neurobiological basis reflected by its specific relationships with structural 
brain connectivity. Critically, affect traits are highly related to loneliness, which shows close 
association with the onset and severity of major depressive disorder. This diffusion imaging study 
was conducted on a sample of adolescent siblings to examine whether positive and negative affect 
traits were related to loneliness, with brain network efficiency playing a mediating role. The 
findings of this study confirmed that both global and average local efficiency negatively mediated 
the association between low positive affect and high negative affect and loneliness, and the 
mediation was more sensitive to sibling-shared affect traits. The findings have important 
implications for interventions targeted at reducing the detrimental impact of familiar negative 
emotional experiences and loneliness. 
 




Loneliness is a subjective feeling of dissatisfaction that is aroused when a person’s actual 
social relationships are deemed inadequate in light of his or her social needs (Peplau and Perlman, 
1982). Loneliness is becoming a societal problem as there is an increasing number of people 
suffering from prolonged loneliness that contributes to high morbidity and mortality (Holt-Lunstad 
et al., 2015). Loneliness is also regarded as one of the key characteristics in depressive patients 
and could predict the onset and severity of major depressive disorder (Cacioppo et al., 2010, 
2015b).  
While feeling lonely at times is common, some individuals are more prone to perceive 
loneliness than others. Previous literature has suggested that affect traits could be strong 
predisposing factors related to loneliness (Asendorpf and van Aken, 2003). For instance, negative 
affect is proposed to hamper an individual’s perception of inclusion in social situations (Jones et 
al., 1982), whereas positive affect is suggested to help broaden one’s social resources (Fredrickson, 
1998; Diener and Seligman, 2002), indicating a close relationship between affect traits and 
loneliness. Additionally, trait neuroticism, which is linked with high negative affect, and trait 
extroversion, which is linked with high positive affect, have been found to mediate the relationship 
between loneliness and brain structures in the prefrontal cortex (Kong et al., 2015). The 
neuropsychological mechanism of how affect traits could be strongly influential to an individual’s 
loneliness is yet to be understood, but recent neuroimaging literature on loneliness has provided 
insights into brain network configuration as a crucial explanatory factor of loneliness.  
Loneliness has heavy neural underpinnings. This is mainly supported by the theoretical 
framework postulating that the brain is evolved to facilitate survival by influencing an individual’s 
perception of social relationships and her processing of social emotional information through 
neural mechanisms (Cacioppo et al., 2014). Some of the brain regions, the “social brain”, are 
particularly relevant, such as the medial prefrontal cortex (mPFC), in addition to the anterior 
cingulate cortex (ACC), temporo-parietal junction, and anterior temporal regions (Frith, 2007). 
Functional MRI (fMRI) studies have also found that lonelier individuals have less activation in the 
ventral striatum when processing pleasant social pictures (Cacioppo et al., 2009) and could 
differentiate negative social stimuli more quickly by activating the fusiform gyrus, ACC, and other 
occipital areas, implying their hypervigilance to social and emotional content (Cacioppo et al., 
2015a). Crucially, further evidence has revealed that brain connectivity bridging these regions is 
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closely associated with loneliness (Tian et al., 2014, 2017; Nakagawa et al., 2015; Lan et al., 2016; 
Wong et al., 2016; Layden et al., 2017), with less connected white matter fiber bundles related to 
higher loneliness in adults (Tian et al., 2014; Nakagawa et al., 2015; Wong et al., 2016).  
Extending from the existing research, the current study focused on investigating whether 
structural brain network could explain the effects of positive and negative affect traits on loneliness 
using diffusion MRI (dMRI). We focused on adolescents because adolescence is a life stage in 
which individuals are particularly vulnerable to loneliness. It is also reported previously that higher 
loneliness in adolescents may interfere with structural brain connectivity (Wong et al., 2018). 
Structural brain network efficiency could be particularly critical to adolescents’ feelings of 
loneliness as the network efficiency of the adolescents is highly related to their cognitive 
functioning (Koenis et al., 2015, 2018). Therefore, we examined whether adolescents’ affect traits 
were related to the global and local network efficiencies of their structural brain network and their 
feelings of loneliness. Moreover, we have utilized a sibling-control design and conducted our 
analyses on a sample of adolescent sibling pairs. This design has the advantage of delineating the 
causes of the observed associations into individual factors versus familial factors, with the latter 
being shared between the siblings (Carlin et al., 2005). The inclusion of sibling pairs allowed us 
to tease apart individual (i.e., varied between siblings) and familial (i.e., shared between siblings) 
aspects of affect variance and their respective relationships with the structural brain network and 
loneliness. Based on the existing literature outlined above, we hypothesized that (1) affect traits 
would be associated with both global network efficiency and local network efficiency in brain 
areas involved in social and affective processes, such as the mPFC, and (2) the efficiency measures 







Adolescent sibling pairs from the “Children of 1997” birth cohort (Schooling et al., 2012) or  
identified by word of mouth were contacted. Only those without any reported learning difficulties 
or psychological or neurological diseases were recruited. A final sample of 40 adolescents with a 
mean age of 17.8 years and mean IQ of 102.8 were recruited (20 same-sex sibling pairs; age range: 
15–19 years; Male: 9 pairs; Female: 11 pairs) (Table 1). All participants completed the 
psychometric assessments and underwent an MRI scanning session on the same day, during which 
dMRI data were collected.  
This study was approved by the Institutional Review Board of the University of Hong 
Kong/Hospital Authority Hong Kong West Cluster. The study was carried out in accordance with 
their guidelines and regulations and the Declaration of Helsinki. Signed informed consent was 
obtained from all subjects (if ≥ 18 years old) or their guardians (if < 18 years old). 
 
Behavioral measures 
Loneliness: The 20-item UCLA Loneliness Scale was used to measure the subjects’ loneliness 
levels (Russell, 1996). It has been reliably replicated in a similar age group and is particularly 
sensitive to people’s subjective loneliness feelings (Hamid and Lok, 2000). Participants were asked 
to indicate how often each of the statements was descriptive of them. For instance, there were 
statements such as, “I feel in tune with the people around me”, “My social relationships are 
superficial”, and “I can find companionship when I want it”.  
Positive and negative affect: We also assessed positive and negative affect traits of all 
participants using the 20-item Chinese Affect Scale (Hamid and Cheng, 1996), an adaptation of 
the Positive and Negative Affect Schedule (Watson et al., 1988) on the Chinese population. The 
scores of affect traits obtained from the scale have stable test-retest reliability, and its psychometric 
properties are confirmed to be valid (Hamid and Cheng, 1996). The outcome measures were scores 
on positive affect and negative affect traits. Importantly, participants were asked to indicate to what 
extent they reacted to each of the items in general to capture their affect traits but not states. For 
instance, items of positive affect included words such as “Excited” and “Active”, and items of 
negative affect included words such as “Nervous” and “Upset”. 
Additional covariates: Participants’ age, gender, and IQ scores as measured with the Test of 
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Nonverbal Intelligence (TONI, 3rd edition) (Brown, 2003) were also collected. 
 
MRI data acquisition and preprocessing 
 The dMRI data were acquired with a 3.0T Philips scanner with an 8-channel head coil. For 
each subject, the dMRI data were acquired with a non-diffusion-weighted image (b0) with b-values 
= 1000 and 2000 s/mm2 using the following parameters: TR = 6,600 ms, TE = 81 ms, FOV = 230 
× 230 mm, voxel size = 2.4 × 2.4 × 2.7 mm, flip angle = 90°, and axial acquisition. The number of 
diffusion sampling directions for b-values was both 32.  
 To avoid confounding from motion artifacts, the dMRI acquisition for each subject was 
monitored and the subject was rescanned if we observed any artifacts. The dMRI data acquired 
were corrected for eddy current distortion by registering each volume of the subjects’ dMRI data 
to their b0 image using eddy_correct in FSL (Jenkinson et al., 2012). The dMRI data were again 
inspected and then reconstructed with the generalized q-sampling imaging approach using DSI 
Studio (Yeh et al., 2010), with a diffusion sampling length ratio of 1.2. Deterministic fiber tracking 
with whole-brain seeding of 1,000,000 fiber streamlines was performed on each subject. An 
angular threshold of 45 degrees and a step size of 0.1 mm were adopted to minimize overshoots in 
highly curved tracts (Jeurissen et al., 2019). The anisotropy threshold was set at 0.1 and tracks 
shorter than 10 mm or longer than 500 mm were discarded to avoid spurious structural 
connectivity.  
 
Construction of structural brain network  
Each participant’s structural brain network was constructed in the subject space using the 
Automated Anatomical Labeling (AAL) atlas. Because the regions defined in the original AAL 
atlas were relatively large in size, an n-cut random parcellation scheme was adopted (de Reus and 
van den Heuvel, 2013) to further parcellate the AAL atlas into 868 nodal regions of smaller and 
similar sizes (Mean = 213 voxels, SD = 45.0 voxels), avoiding the potential confounding influence 
of  volumetric differences in the nodes (Hagmann et al., 2008). The regions were then nonlinearly 
registered to each participant’s anisotropy map. The weights of the edges of the network matrices 
were defined by the number of tracked fiber streamlines passing through pairs of nodal regions, 
normalized by the maximum number of tracked fiber streamlines in each participant. The approach 
of using volume-based parcellation with higher spatial resolution in network construction has been 
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suggested to be reliable (Zhao et al., 2015). 
 
Network efficiency of structural brain network  
The network efficiency measures could inform on the segregation and integration of the 
structural brain network and quantify how efficiently the brain exchanges information. The 
threshold for the structural connectivity matrix of each participant was established across a density 
range of 0.01-0.05 in steps of 0.01. This density range was chosen to ensure that none of the 
participants’ connectivity matrices would be disconnected by evaluating the backbone of their 
connectivity matrices at each density. The area under the curve (AUC) of the network efficiency 
measures across the range was calculated for further analyses and has the advantage of reducing 
potential biased findings driven by different network densities across participants. At the global 
level, we focused on (I) global efficiency that captures overall network integration and quantifies 
how efficiently information is exchanged in the global network. We also focused on the (II) local 
efficiency that captures the efficiency of information transfer in the direct neighborhood of a 
specific node (Bullmore and Sporns, 2012). While reliability of task fMRI measures could be of 
concern (Zuo et al., 2019), the network efficiency measures are among the network metrics with 
moderate to good levels of test-retest reliability (Zhao et al., 2015; Xing and Zuo, 2018).   
For a network with n number of nodes and l number of edges with edge-wise connection 
weights wij between nodes i and j, the strength (k) of node i is the sum of connection weights 
connecting to node i and is defined by Equation 1: 
 
The global efficiency (EG) of the network is the average inverse shortest weighted path in the 
network and is defined by Equation 2: 
 
 
where dij is the shortest weighted path length between nodes i and j.  
The local efficiency (EL) of node i is defined similarly to global efficiency but is computed based 




where nodes j and h are not node i. 
 
Statistical analyses 
Linear regression analyses were performed to delineate whether affect traits could statistically 
predict the efficiency measures of the structural brain network in adolescents and whether such 
associations were caused by individual or familial factors that were shared between the siblings. 
These were achieved by setting up the regression models in the form of Equation 5 (Carlin et al., 
2005): 
 
where xpq  is the value of x (i.e., scores in affect trait) of subject p of the sibling pair q and xq  is 
the mean value of x of the two participants of the sibling pair q. The significance of the coefficient 
bw   of the deviation term (i.e., xpq - xq  ) infers the contribution of individual factors to the 
relationship between x (i.e., scores in affect trait) and y (i.e., structural brain network efficiency 
measures), while the variances explained by familial factors that were shared between the siblings 
were accounted for by the average term with the coefficient bB .  
Using this regression model (Equation 5), we separated the contribution of individual 
factors from that of familial factors to the associations between affect traits and structural brain 
network efficiency. For instance, we could be more confident in whether the observed associations 
would be more related to unique individual factors capturing the difference within a sibling pair, 
versus familial factors, such as maternal factors, similar genetic compositions, family setting, or 
socioeconomic status. The associations between structural network efficiency and loneliness were 
analyzed using linear regression. We then carried out mediation analyses to assess the direct and 
indirect associations between affect traits and loneliness, and whether the structural brain network 
efficiency measures mediated the indirect associations. The indirect effects were estimated through 
Sobel tests.  
Bonferroni correction for multiple comparisons was implemented when analyzing the local 
efficiency, and White robust standard errors corrected for degrees of freedom were calculated to 
account for the heteroscedasticity of residuals in the regression analyses. Unstandardized 
regression coefficients are reported for illustrative purposes, and significance was inferred when p 





Demographics and sample characteristics 
No significant difference in positive affect, negative affect or nonverbal IQ was observed 
between the adolescent siblings (p > 0.05) (Table 1). It was found that age (b = 2.9895, p = 0.0200), 
sibling-average positive affect (b = -0.4983, p = 0.0248), and individual negative affect (b = 
0.7538, p = 0.0397) were associated with loneliness.  
 
Associations of affect traits and structural brain network efficiency 
We first investigated how positive and negative affect traits were related to the structural 
brain network of the adolescents. For both affect traits, no significant associations were found 
between individual positive or negative affect and the global efficiency, average local efficiency, 
or local efficiency of any nodes (p > 0.05).  On the contrary, sibling-average positive affect was 
negatively associated with the local efficiency of regions in the superior parietal lobule and 
posterior cerebellar lobe (b ≤ -0.4060 × 10-4, p ≤ 0.0145) (Figure 1A). Sibling-average negative 
affect was positively associated with global efficiency (b = 0.1982 × 10-4, p < 0.001), average local 
efficiency (b = 0.1982 × 10-4, p < 0.001), and local efficiency of regions mainly in the prefrontal 
cortex, insula, fusiform gyrus and posterior cerebellar lobe (b ≥ 3.3306 × 10-5, p ≤ 0.0496) (Figure 
1B) (Table 2).  
 
Associations of structural brain network efficiency and loneliness 
We then investigated whether structural brain network was related to loneliness in 
adolescents, controlling for their affect traits in addition to the covariates. It was found that global 
efficiency (b = -1.5694 × 104, p = 0.0159), average local efficiency (b = -1.0585 × 104, p = 0.0066), 
and local efficiency of regions in the hippocampal, caudate nucleus, and posterior cerebellar areas 
(b ≤ -5.0889 × 103, p ≤ 0.0467) were negatively associated with loneliness (Figure 1C) (Table 3).  
 
Mediation of structural brain network efficiency  
To elucidate whether structural brain networks in adolescents had a mediation role and 
might explain the associations between affect traits and loneliness, we tested whether the network 
efficiency measures might be mediators of the associations between positive and negative affect 
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traits and loneliness. We found that both global efficiency (b = -0.3110, p = 0.0260) (Figure 2A) 
and average local efficiency (b = -0.3381, p = 0.0164) (Figure 2B) of the structural brain network 
would negatively mediate the association of sibling-average negative affect and loneliness. The 
direct effects between sibling-average negative affect and loneliness after being mediated by global 
efficiency (b = 0.3803, p = 0.1802) and average local efficiency (b = 0.4074, p  =0.1434) were not 
significant. 
We also tested whether loneliness mediated the associations between affect traits and the 






In this study, we found that low positive affect and high negative affect shared with siblings 
in adolescence was associated with increased network efficiency in areas including the posterior 
cerebellum lobe. High negative affect shared with siblings was also associated with increased 
network efficiency in the prefrontal cortex including the mPFC, while increased network 
efficiency of the posterior cerebellum lobe was related to low loneliness. Confirmed by mediation 
analyses, the overall network efficiency of adolescents’ brains appeared to remediate the effect of 
negative affect shared with siblings on loneliness. 
 Previous research has found that affect traits and regulation are related to the prefrontal-
limbic circuitries, with the lateral and mPFC having a regulatory functional role (Wu et al., 2018). 
The mPFC is heavily implicated in social cognitive and affective functions (Bzdok et al., 2013) 
and may also be involved in attention control functions through connecting with the cognitive 
control network (Eickhoff et al., 2016). The cerebellum is also suggested to be critical to affective 
processing and regulation, such that damage to the cerebellum would lead to deficits in 
disinhibition and blunted affect (Schmahmann and Sherman, 1998). Specifically, the posterior 
cerebellar lobules are associated with cognitive control (Van Overwalle et al., 2014), and the 
cerebellum coordinates behaviors in response to incoming information, as well as contributing to 
general cognitive and emotion control (D’Angelo and Casali, 2013). In this study, we found that 
low positive affect and high negative affect shared with siblings were associated with increased 
local efficiency in the posterior cerebellar lobe. Furthermore, shared high negative affect was 
associated with increased local efficiency in the prefrontal cortex, including the mPFC. Local 
efficiency is interpreted as reflecting the local information-processing capacity of a network 
(Bullmore and Sporns, 2012), and the network efficiency of the adolescents was found to be highly 
related to their cognitive functioning (Koenis et al., 2015, 2018). It is thus possible that the 
structural brain network in adolescents might be an important protective factor against the negative 
impact of affect traits. Intriguingly, the protective mechanism appeared to be principally concerned 
with familial factors shared within sibling pairs, rather than individual factors. This might mean 
that the low positive and high negative affect traits attributed to unique individual factors would 
have greater impact (due to lack of protective factor), or alternatively might suggest that 
adolescents’ brains are more sensitive to familiar emotional experiences as evidenced by their 
sensitivity and vulnerability to social influence (Blakemore and Mills, 2014; Wols et al., 2015).  
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Affect traits are strongly related to loneliness (Asendorpf and van Aken, 2003), and both 
positive and negative affect traits have been proposed to mediate the individual’s perception of 
inclusion in social situations via different psychological pathways (Jones et al., 1982; Fredrickson, 
1998; Diener and Seligman, 2002). Previous research has consistently suggested that negative 
affect is a significant contributor to the feeling of loneliness (Marcus and Askari, 1999), and that 
lonelier individuals usually have poor emotion regulation (Hawkley et al., 2009). Here, we have 
further shown that the higher local efficiency in the posterior cerebellum lobe and caudate nucleus 
was related to lower loneliness. As discussed earlier, posterior cerebellar lobules are associated 
with cognitive control (Van Overwalle et al., 2014) and contribute to general emotion control 
(D’Angelo and Casali, 2013). The posterior cerebellar lobe often activates in mentalization and 
mirroring tasks and provides general cognitive support for complicated social processes (Van 
Overwalle et al., 2014). In line with the current findings, it could be that increased posterior 
cerebellar efficiency is an adaptive mechanism that compensates for the possible deficiencies in 
social and affective functions that underlie lonelier adolescents. In addition, the role of the caudate 
nucleus is part of the reward circuitry in processing social rewards (Acevedo et al., 2012). Our 
current findings could not provide definitive evidence on which neural mechanisms might underlie 
the adolescents’ proneness to loneliness, but the negative mediation effects via increased global 
and average local efficiency in comparison to the direct effects between shared negative affect and 
loneliness might further support our postulation that the structural brain network in adolescents 
might be an important protective factor against the influence of affect traits on loneliness. It is 
possible that a more efficient brain network could support better cognitive functioning in 
adolescents (Koenis et al., 2015, 2018), helping them to regulate the influence from negative 
emotional experience.  
One strength of the current study is that it established the mediation role of structural 
network efficiency on the influence of affect traits on adolescents’ loneliness. However, one main 
limitation was the restricted age range of the participants. We have recruited only adolescents in 
this dMRI study. Without another age group for comparison, we were not able to confirm whether 
the mediation effects of the structural brain network in adolescents were similar to/different from 
those in adults. This prevented us from making inferences regarding the generalizability of our 
findings. Moreover, it is worth emphasizing that we were interested in the statistical prediction of 
affect traits on structural brain network efficiency and loneliness which was confirmed by our 
  
13 
regression analyses, but we could not infer any psychobiological causality in the associations based 
on the current cross-sectional design. Furthermore, we have attempted to increase our 
understanding and the explanatory power of the associations by using regression models that could 
delineate potential contributions of individual and familial factors. However, it was not possible 
for us to identify the specific individual and familial factors that contributed the most to the results. 
The tentative explanations we discussed above should be interpreted with caution, and they should 
be validated by future research with more specific focus. Moreover, we measured the affect traits 
using the Chinese Affect Scale (Hamid and Cheng, 1996), by explicitly asking our participants to 
respond based on their general affective style. However, it has been argued that this scale may not 
be ideal for measuring affect traits, and future research may validate our findings using other trait 
affect scales. Finally, we admit that the reliability of network measures is highly dependent on the 
density of the network and the measure chosen. In this study, we applied a range of density 
thresholds during network construction and performed analyses on the AUC of the network 
measures in an attempt to reduce the potential confounds from the inter-subject variations of 
network density and the instability of network measures at a particular density. Future studies could 
consider different network construction strategies to validate the current findings. 
 
Conclusions 
The current study revealed the protective role of structural brain network efficiency, both 
globally and locally, on the impact of low positive and high negative affect traits shared with 
siblings on loneliness in adolescents. Our findings have important implications for interventions 
targeted at reducing the detrimental impact of familiar negative emotional experiences and 
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Table 1. Demographics and characteristics of the adolescents and their siblings  
 Adolescents Siblings t-statistic p-value 
 (N = 20) (N = 20)   
Characteristics     
Age (years) 17.8 (1.21) 17.8 (1.21) - - 
Gender 
(Male:Female) 
9:11 9:11 - - 
TONI quotient 103.1 (15.52) 102.4 (13.02) 0.244 0.810 
     
Psychometrics     
Loneliness 34.9 (9.48) 44.0 (8.11) - - 
Positive Affect 21.8 (9.54) 22.7 (8.69) 0.525 0.606 
Negative Affect 10.8 (8.26) 12.6 (7.90) 0.941 0.358 
 
TONI = Test of Nonverbal Intelligence; Means along with Standard Deviations in parentheses 





Table 2. Significant associations between affect traits and area under the curve of structural brain 
network efficiency measures 
  Laterality Linear Regression  
    b se t p 
      
  
Sibling-average positive affect 
Local efficiency 
     
Superior parietal lobule R -0.000041 0.000008 -5.059 0.015 
Cerebellum crus II R -0.000074 0.000014 -5.284 0.008 
Cerebellum VIIb L -0.000045 0.000009 -5.076 0.014 
Cerebellum VIII L -0.000062 0.000009 -6.879 0.000 
  
-0.000050 0.000009 -5.578 0.003 
Cerebellum IX R -0.000044 0.000007 -5.922 0.001 
      
  
Sibling-average negative affect 
Global efficiency 
 
0.000020 0.0000043 4.567 <0.001 
Average local efficiency 
 
0.000032 0.0000008 4.236 <0.001 
Local efficiency 
     
Superior frontal gyrus L 0.000071 0.000015 4.894 0.023 
  
0.000062 0.000013 4.729 0.038 
Superior frontal gyrus (orbital) L 0.000057 0.000011 5.179 0.010 
 
R 0.000052 0.000011 4.720 0.039 
Middle frontal gyrus L 0.000081 0.000013 6.113 0.001 
 
L 0.000091 0.000017 5.242 0.009 
Middle frontal gyrus (orbital) R 0.000064 0.000013 5.005 0.017 
Inferior frontal gyrus 
(opercular) L 0.000047 0.000009 5.339 0.006 
 
L 0.000071 0.000015 4.636 0.050 
  
21 
Inferior frontal gyrus (orbital) L 0.000066 0.000009 7.319 <0.001 
Rolandic operculum L 0.000050 0.000008 6.421 <0.001 
Superior frontal gyrus (medial) L 0.000068 0.000012 5.668 0.002 
Rectus R 0.000056 0.000009 6.293 <0.001 
Insula L 0.000067 0.000014 4.826 0.029 
 
R 0.000033 0.000007 4.793 0.031 
Superior occipital gyrus L 0.000059 0.000012 5.010 0.017 
Inferior occipital gyrus R 0.000040 0.000007 5.478 0.004 
Fusiform gyrus R 0.000068 0.000013 5.318 0.007 
  
0.000101 0.000020 5.081 0.014 
  
0.000075 0.000014 5.395 0.005 
  
0.000061 0.000010 5.991 0.001 
  
0.000056 0.000012 4.834 0.028 
Postcentral gyrus L 0.000065 0.000010 6.190 0.001 
  
0.000064 0.000011 5.897 0.001 
  
0.000061 0.000009 6.878 <0.001 
Inferior parietal lobule R 0.000054 0.000011 4.883 0.024 
  
0.000077 0.000016 4.714 0.039 
Middle temporal gyrus L 0.000056 0.000011 5.263 0.008 
Inferior temporal gyrus L 0.000055 0.000010 5.344 0.006 
Cerebellum crus II L 0.000060 0.000010 6.002 0.001 






Table 3. Significant associations between area under the curve of structural brain network 
efficiency measures and loneliness 
  Laterality Linear Regression  
    b se t p 
Global efficiency 
 
-15693.63 6153.60 -2.550 0.016 
Average local efficiency 
 
-10584.64 3632.60 -2.914 0.007 
Local efficiency 
     
Hippocampus R -6176.74 1269.37 -4.866 0.027 
Parahippocampal gyrus R -9071.58 1351.16 -6.714 0.000 
Calcarine fissure L -6451.05 1378.75 -4.679 0.047 
Middle occipital gyrus L -9116.21 1906.45 -4.782 0.035 
Caudate nucleus L -8685.40 1592.75 -5.453 0.005 
Superior temporal gyrus L -9700.84 1773.32 -5.470 0.005 
 
R -8104.36 1659.35 -4.884 0.026 
Inferior temporal gyrus L -5088.92 1013.07 -5.023 0.017 
 
R -9301.83 1864.89 -4.988 0.019 





Figure 1. Associations between affect traits, loneliness, and structural network efficiency 
measures of significant nodes defined by random parcellation of the original Automated 
Anatomical Labeling atlas. (A) Sibling-average positive affect was negatively associated with the 
local efficiency of 6 nodes across superior parietal lobule and posterior cerebellar lobe. (B) Sibling-
average negative affect was positively associated with local efficiency of 31 nodes mainly across 
the prefrontal cortex, fusiform gyrus and posterior cerebellar lobe. (C) Local efficiency of 10 nodes 






Figure 2. Path diagrams of significant mediating effects of structural network efficiency measures, 
(A) global efficiency and (B) average local efficiency, on the associations between individual and 
sibling-average scores of positive and negative affect traits, and loneliness. The unstandardized 
regression coefficients of the paths are reported. Black arrows denote the significant mediation 
paths. *p<0.05; **p<0.01; ***p<0.001. 
 
